This paper describes the antagonistic activity of free-living amoeba on the efficacy of the disinfectant Oxygenal 6© to treat Candida colonizations in dental unit waterlines. This highlights the need to include the determination of the presence of free-living amoeba in such systems. 
Introduction
Water, which acts both as a coolant for a range of instruments and as an irrigant during dental treatments, is delivered to the dental unit chairs by a network of interconnected narrow-bore plastic tubes called dental unit waterlines (DUWL). The structure of DUWL (plastic tubes, high surface area/water volume ratio, laminar flow, stagnation for extended periods of time, an average temperature of 23°C) encourages microbial proliferation and biofilm formation (Shearer, 1996; Williams et al., 1996; ADA, 1999; Pankhurst, 2003; Szymanska, 2003; Kumar et al., 2010) . Biofilms represent a reservoir of microorganisms potentially pathogenic for humans, and consequently, the water delivered to patients may often be contaminated with various microorganisms (bacteria, fungi, protozoa, or viruses) (Walker et al., 2000; Barben et al., 2009) . The presence of high levels of microbial contamination may cause a health problem for dentists and patients regularly exposed to these water and aerosols generated by dental equipments, especially for the frailest persons (e.g. elderly people, smokers, HIV+ or cancer patients, people with diabetes, alcoholism) (Coleman et al., 2009; O'Donnell et al., 2011; Barbot et al., 2012a, b) .
Microbial contamination of DUWL, known since the sixties (Blake, 1963) , originates predominantly from two sources, one of which being mains water (Walker et al., 2000; Szyma nska et al., 2008) . It can also be the result of a suck-back of microorganisms and saliva from the oral cavity of patients that occurs in the case of an absence or more likely a dysfunction of the antiretraction valves that normally limit re-aspiration of fluid from the oral cavity (Bagga et al., 1984; Kumar et al., 2010) .
Candida species are commonly regarded as normal constituents of the mucocutaneous microbial communities in healthy humans but they are also considered important opportunistic fungal pathogens, causing superficial or systemic infections in immunocompromised patients (Odds, 1988; Hube, 2004) . In oral cavity, Candida yeasts contribute to the dental plaque and are also implicated in single-species biofilms developed on dentures, responsible for candidiasis (Cannon et al., 1995) . These yeasts have already been isolated in the water from DUWL with saliva traces and other microorganisms commonly found in oral cavity (Walker et al., 2000; Szyma nska, 2005) . They may colonize DUWL, grow into a polymicrobial biofilm, disseminate in the water following detachment of sessile yeasts and may be present, mixed with saliva, in water and aerosols generated by dental instruments. The presence of low concentrations of saliva (2% v/v) has been shown to promote Candida spp. survival and proliferation in tap water (Barbot et al., 2011) , which may increase the infectious risk associated with dental unit water.
Microorganisms isolated from DUWL can also originate from the main incoming water supply. Free-living amoebae (FLA) such as Hartmannella spp. are ubiquitous in nature and widely distributed (Inoue et al., 1998) . These protists are also commonly isolated from recreational water systems and DUWL (Michel & Just, 1984; Barbeau & Buhler, 2001; Kuiper et al., 2006) . FLA are considered as opportunistic pathogens for humans. They can represent a rare but serious risk to human health as direct causative agents (Aitken et al., 1996; Kinnear, 2003) , but may mainly serve as vector for other microorganisms as it is well known for Legionella (Greub & Raoult, 2003; Kuiper et al., 2004) .
Different chemical or nonchemical methods may be used to fight microorganisms associated with DUWL water, such as antiretraction valves, flushing, or disinfectants (Monarca et al., 2002; Berlutti et al., 2003; Schel et al., 2006; O'Donnell et al., 2011; Barbot et al., 2012a, b) .
Chemical treatments commonly used by dentists are usually evaluated against bacteria and sometimes yeasts. However, their antiamoebae activity is rarely investigated. The sensitivity and behavior of FLA to treatments cannot be generalized to that of bacteria. Therefore, it seems important to investigate the activity of disinfectants against FLA, especially as these protists are able to internalize bacteria, and thus, amoebae resistance could result in the failure of treatments on bacteria and yeasts (Greub & Raoult, 2003; Kuiper et al., 2004) . The aim of this study was to evaluate the antimicrobial activity of three common DUWL disinfectants: chlorine (Karpay et al., 1999) , hydrogen peroxide (Linger et al., 2001) , and Oxygenal 6© (Szyma nska, 2006) , against three species of Candida and one species of FLA (H. vermiformis), growing as single or mixed planktonic cultures or biofilms in tap water, using experimental conditions mimicking DUWL. Their antimicrobial activity was investigated against both planktonic and sessile yeasts to study experimental conditions as close as possible to those found in DUWL.
Materials and methods

Culture medium
Whole unstimulated saliva was collected on ice from 11 healthy adult volunteers who rinsed their mouths gently with water before sampling to decrease bacterial contamination (Barbot et al., 2011 (Barbot et al., , 2012a . Saliva was then pooled and centrifuged (15 min, 3000 g, 4°C). The resulting supernatant was filtered through a 0.22-lm membrane and stored at À80°C until used.
Tap water was filtered through a 0.22-lm membrane. It displayed a chlorine concentration < 0.04 lg mL
À1
(diethyl-p-phenyldiamine method, APHA, 2000), which would be too low to modulate microorganisms survival. The pH of tap water with or without saliva was approximately 7.7 (Barbot et al., 2011) .
Culture of microorganisms
Three fungal species were studied: C. albicans (strain ATCC 3153), C. glabrata (IHEM 9556), and C. parapsilosis (ATCC 22019). Candida species were mostly observed as yeasts forms throughout the study, whereas mycelial forms were rarely produced under the experimental conditions used. Yeasts were cultured on Sabouraud dextrose agar plates at 20°C for 48 h. A yeast suspension (5 9 10 5 cells mL
À1
) was then prepared and incubated in filtered tap water supplemented with a low saliva concentration (2%, v/v), at 20°C for 360 h, in 96-well microtiter plates. The saliva concentration was chosen because of our previous study which showed an increased survival of Candida in the presence of 1-20% (v/v) (Barbot et al., 2011) . Moreover, other authors report that oral fluid sucked back could be up to 1 mL at the level of dental unit handpieces (Bagga et al., 1984; Pankhurst, 2003) .
Hartmannella vermiformis (ATCC 50802) was cultured in 75-cm² culture flasks containing PYNFH medium (modified ATCC medium 1034) supplemented with 10% (v/v) of fetal calf serum and antibiotics (streptomycin 2 lg mL
, penicillin G 500 U mL
, and gentamicin 4 lg mL
) (Barbot et al., 2012a, b) . Cultures were incubated at 20°C for 5 days. An amoebae suspension was then prepared by discarding the culture medium, scraping and centrifuging (7 min, 300 g) adherent cells. For the experiments, amoebae were used at a final concentration of 5 9 10 5 cells mL À1 and were incubated in filtered tap water supplemented with a low saliva concentration (2%, v/v), at 20°C for 360 h, in 96-well microtiter plates.
Co-culture experiments with amoebae and C. albicans yeasts were also performed, as previously described (Barbot et al., 2012a, b) . The multiplicity of infection (MOI) was 1. Amoebae suspension was distributed into wells of a 96-well microtiter plates and incubated for 2 h at 20°C. Yeasts (v/v) and/or saliva (2%, v/v) were then added and co-cultures were followed up over a time period of 360 h at 20°C.
Chemical treatments and microorganisms viability
Disinfection experiments were performed on yeasts, FLA, and co-cultures incubated for different times (0, 1, 24, 48, 72, 168 , and 360 h) in separate wells in order to study the antimicrobial activity on both planktonic (1 h) and sessile (24-360 h) yeasts. A preliminary study based on both measurements of metabolic activity and scanning electronic microscopy (SEM) showed that the formation of Candida spp. biofilm started from the first hours and then increased slowly due to the poor nutritional conditions (data not shown). So, after 1-360 h of incubation in water, microorganisms were treated with different doses of disinfectants: 3-118 lg mL À1 of chlorine (NaOCl, from a solution of 10-15% (v/v) available chlorine, Sigma), 700-9000 lg mL À1 of hydrogen peroxide (H 2 O 2 , from a solution of 3% (w/v) in distilled water, Sigma), or 500-20 000 lg mL À1 of Oxygenal 6© (from a solution containing 6% (w/v) of H 2 O 2 and silver ions, KaVo â ). In the case of co-cultures, only the efficacy of Oxygenal 6© was tested (500-20 000 lg mL À1 ). Each microbial culture of single species or co-cultures was diluted (1 : 10 and 1 : 100) in fresh tap water 15 min after disinfectant addition. The yeast viability was evaluated by plating 100 lL of diluted suspensions in duplicate on Sabouraud dextrose agar plates containing chloramphenicol. Each experiment was carried out at least twice on different days. Yeast colony-forming units (CFU) were enumerated after 48 h at 37°C, and results were expressed as survival percentages, calculated as follows: (log CFU mL À1 of sample)/(log CFU mL À1 of inoculum at 0 h) 9 100. On the other hand, diluted amoebae suspensions were further diluted (1 : 2) in Trypan Blue (1/400 e in distilled water) to evaluate amoebae viability. Trypan Blue stained dead cells in blue, whereas living cells remained uncolored. Total numbers of amoebae (colored and uncolored) were counted in KOVA© grids (Hycor Biomedical Inc.). Each sample was counted in triplicates. Each experiment was carried out at least two times on different days. Results were expressed as survival percentages, calculated as follows: (log amoebae mL À1 of sample)/(log amoebae mL À1 of inoculum at 0 h) 9 100.
Statistical analysis
The nonparametric test of Wilcoxon was conducted using Stata â 9.2 to determine the statistical differences between groups.
Results and discussion
Water supplemented with saliva at 0% or 2% (v/v) was still a poor culture media which made yeast filamentation difficult. This explains at least partially that the biofilms obtained were mainly composed of yeast forms and did not have the regular architecture in two distinct layers (a thin basal region mainly composed of yeast forms and an overlying more open hyphal layer) (Douglas, 2003) found in C. albicans biofilms produced in rich culture media, such as YNB (yeast nitrogen base) or RPMI 1640 (Roswell Park Memorial Institute). Moreover, the temperature at which the experiments were carried out (20°C) could not support filamentation. The efficacy of disinfectants against Candida spp. and H. vermiformis cultured in tap water was studied at both 20 and 27°C as most DUWL temperatures ranged between these values (Pankhurst, 2003) . Because the results obtained were comparable (P > 0.05) regardless of the temperature of incubation (data not shown), only the results obtained at 20°C are presented herein.
Candida yeasts were studied because of their high occurrence in oral cavity and thus their possible aspiration in DUWL along with saliva and sometimes blood (Cannon et al., 1995; Walker et al., 2000) . As previously shown, saliva addition in tap water would provide some essential components to promote Candida survival throughout the 360 h of the study (Barbot et al., 2011) . Actually, all yeasts controls cultured in the presence of saliva (named '0 lg mL À1 ' on graphs) were able to maintain a rather stable concentration throughout the experiment, about log 5 CFU mL À1 , corresponding to the initial inoculum (% survival ≥ 100%) (Figs 1-4) . Moreover, a weak proliferation was observed over time for C. parapsilosis: A survival of 120% was obtained after 360 h in tap water (Figs 1c, 2c and 3c) . The FLA survival was previously shown not to be influenced by saliva presence (Barbot et al., 2012a, b) . Results showed that H. vermiformis was able to survive in tap water during the 360 h of the study, but its concentration decreased slowly over time: Only 40-60% of amoebae survived after 360 h in tap water (Figs 1d, 2d and 3d ).
Chlorine treatment
When used at the highest dose (118 lg mL À1 ), chlorine completely inhibited the growth of the three tested species of Candida and significantly reduced the growth of FLA (P < 0.0012), regardless of their maturation status before the treatment (1 h to 15 days) or their planktonic or sessile status (Fig. 1) . After either 1 or 24 h in tap water with saliva (2% v/v), the treatment with 3 or 6 lg mL À1 chlorine dose induced a slight decrease in C. albicans concentration (Fig. 1a) . A stronger effect was observed using a chlorine dose of 12 lg mL À1 , regardless of the age of the Candida biofilms: Survival of yeasts was below 38% after 1-168 h of incubation and 62% after 360 h. Moreover, using chlorine at 26 lg mL À1 , yeasts incubated up to 168 h before the treatment were completely killed. A low survival (20%) was observed when this treatment was performed on the oldest yeasts (360 h). After a few hours of incubation, Candida spp. started to form a biofilm, thereby acquiring resistance factors. At 360 h of incubation, yeasts were included into a mature biofilm and this status certainly explains the increased resistance of yeasts to chlorine. The greater efficacy of chlorine on planktonic compared to sessile microorganisms has been widely shown with other microbial species (Karpay et al., 1999; Steed & Falkinham, 2006; Liu et al., 2011) . Only concentrations of 62 and 118 lg mL À1 of chlorine were shown to be completely effective against C. albicans whatever their age at the time of the treatment, preventing any growth of yeasts (Fig. 1a) . Comparable results were obtained with C. glabrata (Fig. 1b) . For this species, yeasts were always able to survive to a chlorine treatment used at 3 or 6 lg mL
À1
, whereas 12 and 26 lg mL À1 chlorine doses were effective on yeasts incubated up to 168 h before disinfectant addition, and only 62 and 118 lg mL À1 chlorine doses were able to completely kill the yeasts regardless of their maturation status before treatment (P < 0.0001) (Fig. 1b) . Candida parapsilosis was the most resistant fungal species to chlorine as a dose of 6 lg mL À1 was unable to kill yeasts whatever the age of the treated biofilm: ≥ 86% of yeasts (≤72 h old) were alive and cultivable, and even a high growth (≥ 118%) was observed for the oldest (≥168 h) (Fig. 1c) . A treatment with 26 lg mL À1 reduced the survival of C. parapsilosis to 20% and 38% after 168 and 360 h of incubation, respectively. Only 62 and 118 lg mL À1 doses were able to kill yeasts regardless of their maturation age (P < 0.0001) (Fig. 1c) . Hartmannella vermiformis was more resistant to chlorine than any of the Candida spp. tested certainly due to its ability to form cysts with a double wall (Kuchta et al., 1993; Greub & Raoult, 2004) . Chlorine doses of 3 and 6 lg mL À1 had no effect, compared with control ('0 lg mL À1 ', hatched). Using 12 to 62 lg mL À1 doses, the survival of amoebae decreased below 42% up to 360 h of incubation (P < 0.0001) (Fig. 1d) . A greater effect was observed using 118 lg mL À1 of chlorine: Only 3-18% of FLA (incubated up to 360 h before treatment) survived. Taken together, our data show that chlorine was an effective disinfectant against Candida spp. and, to a lesser extent, against H. vermiformis, but only at doses > 26 lg mL À1 . Unfortunately, these high doses may not be compatible for routine decontamination of DUWL systems.
In other studies, amoebae were eradicated from water samples using 2-4 lg mL À1 (or lg mL
) of chlorine for 1 h (Dupuy et al., 2011; Wang et al., 2012) . However, this duration of treatment would not be compatible with a routine DUWL disinfection protocol. Furthermore, pipe materials and water age could influence the efficacy of disinfectant as chlorine decay was observed within a water aged for several days (Wang et al., 2012) .
Hydrogen peroxide treatment
The antimicrobial activity of hydrogen peroxide, which is commonly found in water treatment protocols, was also tested with a contact time of 15 min (Fig. 2) . The statistical analysis showed that the antimicrobial activity of hydrogen peroxide on C. albicans (Fig. 2a) and C. parapsilosis (Fig. 2c ) was lower than on C. glabrata (Fig. 2b) . The weak or absence of activity of H 2 O 2 (% survival > 40%, regardless of the time of incubation before the treatment and the dose of disinfectant) against both planktonic (1 h incubation) and sessile (> 1 h) Candida spp. suggested that this disinfectant would not be appropriate to prevent or fight Candida spp. colonization into waterlines. The C. parapsilosis adaptation to the skin environment, which is less protective than mucosa, may contribute to its increased ability to withstand chemical treatments. H 2 O 2 used at 7000-9000 lg mL
À1
significantly inhibited (P < 0.0014) C. glabrata biofilms older than 72 h (Fig. 2b) , suggesting that yeasts from the most mature biofilms would be also the most vulnerable. At 168 h, C. glabrata survival was decreased between 72% (with 3000 lg mL À1 of H 2 O 2 ) and 53% (with 9000 lg mL À1 ), and at 360 h, all yeasts were killed using H 2 O 2 at 7500 or 9000 lg mL À1 (Fig. 2b) . The reduced survival percentage of yeasts observed for oldest biofilms (168 and 360 h) may be explained by (1) the reduction in nutrients available in water, related to the consumption of both microorganisms and H 2 O 2 , and (2) a higher H 2 O 2 demand of the oldest culture. The presence of saliva certainly enriched the water and prevented the biocide action of H 2 O 2 . A recent study has shown that H 2 O 2 was active against Candida spp. biofilms, under the conditions of dialysis systems (which correspond to a poor medium) where a treatment of at least 15 min was needed to obtain ≥ 50% of yeasts reduction. 470 to 930 lg mL À1 could inhibit the biofilm formation and 1.87-3.75 g L À1 could kill biofilm cells (Pires et al., 2013) .
These results suggested that amoebae were more susceptible to H 2 O 2 than Candida yeasts. However, H 2 O 2 was unable to completely kill amoebae (Fig. 2d) . Even using H 2 O 2 at 9000 lg mL À1 , ≥ 10% of H. vermiformis were able to survive under the experimental conditions used. Microscopic observations showed that amoebae resistant to H 2 O 2 at 9000 lg mL À1 were in cyst form (data not shown). Cysts are well known to be less vulnerable than trophozoites (Kuchta et al., 1993; Greub & Raoult, 2004) . The mechanism of action of H 2 O 2 as a biocide is still not fully understood. It can cause DNA damages or oxidation of proteins and lipids of the cell membrane (Linley et al., 2012) . In our experimental conditions, H 2 O 2 had no significant effect against Candida spp. and could not eradicate FLA. Higher doses or a longer time of treatment could be tested against these microorganisms but would probably not be compatible with a routine use for DUWL maintenance.
Oxygenal 6© treatment
Finally, Oxygenal 6© was tested, and results showed that this chemical was the most effective against Candida spp. (P < 0.0001) (Fig. 3) . Candida albicans survival was ≤ 60% (Fig. 3a) , regardless of Oxygenal 6© concentration (500-20 000 lg mL À1 ), the planktonic (1 h) or biofilm (≥ 24 h) growth and the maturation status of biofilms (24-360 h). Candida albicans yeasts were all killed using 10 000 or 20 000 lg mL À1 of Oxygenal 6©. Similar activities were obtained against C. glabrata (Fig. 3b) with all yeasts killed even at low concentrations of Oxygenal 6© (500 lg mL À1 ), regardless of the growth status and age of the treated yeasts. However, Oxygenal 6© was less effective against C. parapsilosis (P < 0.0001) (Fig. 3c) . Planktonic C. parapsilosis (1 h) were killed by a dose of Oxygenal 6© > 500 lg mL À1 , but sessile yeasts (> 1 h) were less sensitive to Oxygenal 6©. A yeast survival of 86% (with Oxygenal 6© at 500 lg mL
À1
) to 17% (with Oxygenal 6© at 20 000 lg mL
) was observed in the case of treatment of a 360-h-old biofilms. As previously observed, sessile yeasts were less sensitive to chemical treatment than planktonic yeasts.
The antimicrobial activity of Oxygenal 6© on H. vermiformis was lower compared to Candida spp. (Fig. 3d) . Amoebae survival was close to that of the control (decreasing to ≥ 17%) even using 20 000 lg mL À1 of Oxygenal 6©, regardless of the time of incubation before treatment.
Using a similar dose of H 2 O 2 (final concentration) than that contained in H 2 O 2 solution or Oxygenal 6©, the microorganisms survival was much more decreased in the case of an Oxygenal 6© treatment. This difference in efficacy may be due to the presence of other components in Oxygenal 6© such as silver ions.
Finally, Oxygenal 6© was also tested against mixed planktonic suspensions and biofilms, including both C. albicans and H. vermiformis (Fig. 4) . The activity of Oxygenal 6© on FLA was similar in both mono-and mixed cultures (data not shown). Regarding the anti-Candida activity, results clearly demonstrated that the total efficacy of Oxygenal 6© was maintained against yeasts in mixed planktonic suspensions (1 h); this short co-incubation time was not enough to permit internalization of yeasts by amoebae, as observed by SEM (data not shown), certainly contributing to the absence of any amoebae interference. However, a 24-h co-incubation was enough to permit the internalization, as shown in a previous study (Barbot et al., 2012a, b) . Interestingly, co-incubation times ≥ 24 h caused a reduced activity of Oxygenal 6© against C. albicans: The percentages of yeast survival were between 37% and 63% for mixed biofilms, and between 0% and 60% for single-species biofilms, regardless of the maturation status of the treated biofilm and the disinfectant dose (Figs 3a and 4) . These results highlighted the negative influence of amoebae on the anti-Candida activity of Oxygenal 6©. FLA, which represent a form of protection against disinfectants for internalized microorganisms, may furthermore increase the virulence of microorganisms and amoebae, as is well known, for example, in the case of Legionella pneumophila (Kuchta et al., 1993; Greub & Raoult, 2004) .
To conclude, the three tested disinfectants displayed variable and usually partial efficacy against Candida spp. and H. vermiformis under our experimental conditions. Increased antimicrobial activity may be obtained with longer disinfectant treatments. Hydrogen peroxide had no significant effect on microbial viability, compared with untreated controls. Chlorine had an effect but only using the highest doses (62 and 118 lg mL À1 ), which were able to kill all yeasts and decrease the FLA survival below 3%. But unfortunately, these effective doses are probably not suitable to the disinfection of DUWL systems as they may be very corrosive. Finally, low doses of Oxygenal 6© (≥ 500 lg mL À1 ) displayed the best efficacy against single-species biofilms such as C. albicans or C. glabrata. Candida parapsilosis and H. vermiformis were less susceptible to the treatment and higher doses could be tested in the future although they will probably not be adapted to the daily DUWL maintenance. The reduced antimicrobial activity of Oxygenal 6© against C. albicans biofilms when mixed with H. vermiformis highlights the need to consider mixed instead of single-species biofilms to better evaluate both the activity of disinfectants and their relevance in DUWL maintenance. In this work, we also demonstrated the variable susceptibility of Candida in tap water, depending on the species with C. parapsilosis being the most resistant species. Regarding H. vermiformis, the encystment mechanism would explain its ability to survive in severe conditions and thus its resistance, even if moderate, to the three tested disinfectants. Candida has been shown to be able to survive in water (Barbot et al., 2011) , even in the presence of FLA (Barbot et al., 2012a, b) , and has already been isolated from DUWL (Walker et al., 2000; Szyma nska, 2005) ; its persistence in lines and an inadequate disinfection protocol could be responsible for an infectious risk, especially for the most fragile patients or dentists.
